Especially within dairy production, processes at high or low temperatures are required due to low growth capabilities of food spoilers (Hervert, Martin, Boor, & Wiedmann, 2017; Ruusunen, Surakka, Korkeala, & Lindström, 2012) . Furthermore, in some processes like oligosaccharide synthesis high temperatures are desired to obtain higher solubility of the reactants (Hassan et al., 2015; Yu & O'Sullivan, 2018) . Galactooligosaccharides (GOS) in particular have been studied thoroughly (Singla & Chakkaravarthi, 2017) . GOS are indigestible oligosaccharides, which have a documented positive effect on development and growth of beneficial gut bacteria such as bifidobacteria and lactobacilli in the human gastrointestinal tract (Gibson, Probert, Jan, Rastall, & Roberfroid, 2004; Knol, Scholtens, et al., 2005; Ladirat et al., 2014) . Additionally, they have been shown to prevent adherence of pathogenic bacteria such as enteropathogenic Escherichia coli and Salmonella enterica to the cell walls of the colon (Knol, Boehm, et al., 2005; Searle et al., 2009; Shoaf, Mulvey, Armstrong, & Hutkins, 2006) . Synthesis of oligosaccharides can be carried out by either chemical synthesis using acid hydrolysis, which is a relatively nonspecific, energy-demanding, and time-consuming process, or by enzymatic synthesis carried out by glycosyltransferases (EC 2.4) or glycoside hydrolases (EC 3.2.1). Glycoside hydrolases (GH) are the preferred catalysts due to high availability, natural hydrolytic function, ability to glycosylate a wide variety of hydroxyl group-containing molecules, and the use of cheap and simple donor substrates (Crout & Vic, 1998; de Roode, Franssen, Padt, & Boom, 2003; Watt, Lowden, & Flitsch, 1997) . One of the cheapest donor substrates for GOS synthesis is lactose (β-d-galactopyranosyl-(1 → 4)-d-glucopyranose) which is a by-product from cheese production. Great efforts have been spent on converting this low-price disaccharide into carbohydrates of higher value, especially enzymatic conversion of lactose to lactobionic acid (Goderska, Szwengiel, & Czarnecki, 2014; Gutiérrez, Hamoudi, & Belkacemi, 2012) , to the sweetener d-tagatose (Jørgensen, Hansen, & Stougaard, 2004; Wanarska & Kur, 2012; Zhan et al., 2014) and to GOS (Arreola et al., 2014; Jørgensen, Hansen, & Stougaard, 2001; Splechtna et al., 2006) . Synthesis of GOS through enzymatic transglycosylation results in linear oligomers of galactose (n = 2-6) joined by β1-2, β1-3, β1-4, or β1-6 linkages with a glucose at the reducing end (Ishikawa et al., 2015; Li et al., 2009; Torres, Gonçalves, Teixeira, & Rodrigues, 2010; Wu et al., 2013) . Due to the risk of contamination by food-spoiling bacteria during GOS production, focus has been on enzymes that are active at either high or low temperatures. Cold-active enzymes that are able to catalyze the formation of GOS have been described from, for example, Pseudoalteromonas sp. 22b (Cieśliński et al., 2005) and Alkalilactibacillus ikkensis (Schmidt & Stougaard, 2010) , whereas thermostable GOS-producing enzymes have been described from, for example, Sulfolobus spp. (Park, Kim, Lee, & Oh, 2010; Park, Kim, Lee, Kim, & Oh, 2008) , Halothermothrix orenii (Hassan et al., 2015) , and hot environment metagenomes (Gupta, Govil, Capalash, & Sharma, 2012) . In addition to production of GOS, where lactose is used as donor as well as acceptor, some β-d-galactosidases may use other acceptors than lactose (Díez-Municio, Herrero, Olano, & Moreno, 2014) . Mu, Chen, Wang, Zhang, and Jiang (2013) and Li et al. (2009) have described that a β-d-galactosidase from Bacillus circulans forms the trisaccharide lactosucrose (O-β-d-galactopyranosyl-(1 → 4)-O-αd-glucopyranosyl-(1 → 2)-β-d-fructofuranoside) from lactose and sucrose, and Guerrero, Vera, Acevedo, and Illanes (2015) , Wang, Yang, Hua, Zhao, and Zhang (2013) , and Tang et al. (2011) have reported the enzymatic synthesis of the disaccharide lactulose (4-O-β-dgalactopyranosyl-β-d-fructofuranose). GOS, lactosucrose, and lactulose all show prebiotic effects and are presumed to play an important role in stimulating growth of beneficial bifidobacteria in the human intestine (Gibson et al., 2004; Mu et al., 2013; Wang et al., 2013) . Furthermore, previous studies have shown that several bifidobacterial species can grow on GOS as sole carbon source (Garrido et al., 2013; Gavlighi, Michalak, Meyer, & Mikkelsen, 2013; Rada et al., 2008) .
Another group of prebiotics belong to the fucosylated oligosaccharides. l-fucose (6-deoxy-l-galactose) is a monosaccharide which is a component of many glycoproteins and glycolipids, and is often located at the nonreducing end of oligosaccharide chains via an α-(1 → 2) linkage to a d-galactosyl residue or via α-(1 → 3), α-(1 → 4), or α-(1 → 6) linkage to N-acetyl-d-glucosamine (reviewed by Becker & Lowe, 2003) . In addition, fucosylated oligosaccharides are major components in human breast milk, while almost absent in bovine milk (Kunz, Kuntz, & Rudloff, 2014; Kunz & Rudloff, 1993; Kunz, Rudloff, Baier, Klein, & Strobel, 2000; Thurl, Henker, Taut, Tovar, & Sawatzki, 1993) , which is the basis for infant formula. By supplementing bovine instant formula with fucosylated oligosaccharides as well as GOS, it has been shown that growth of bifidobacteria and lactobacilli in the fecal microflora of infants was improved Moro et al., 2002) , and α-linked fucosylated oligosaccharides have furthermore been shown to prevent infection with the pathogenic bacteria E. coli and Campylobacter jejuni (Morrow, Ruiz-Palacios, Jiang, & Newburg, 2005) . Fucosylated oligosaccharides such as 2'-O-fucosyllactose (2FL) and 3'-O-fucosyllactose (3FL) can be synthesized enzymatically through transglycosylation by the action of transfucosylating fucosidases (Lezyk et al., 2016; Zeuner et al., 2018) or by using fucosyltransferases, where an l-fucose unit is transferred from guanosine 5'-phosphate (GDP)-l-fucose to an acceptor substrate (Chin, Kim, Kim, Jung, & Seo, 2017; Chin, Kim, Lee, & Seo, 2015; Sprenger, Baumgärtner, & Albermann, 2017) .
In this study, we screened hitherto unexplored hot springs in East Greenland for bacteria expressing thermostable glycoside hydrolases. One of the isolates, affiliated to Paenibacillus sp., was shown to produce a transglycosylating β-d-galactosidase and a transglycosylating α-l-fucosidase. The two enzymes were recombinantly expressed in E. coli, purified, and functionally characterized, and here, we report on the characterization of the β-d-galactosidase and the α-l-fucosidase from Paenibacillus sp. 3179.
| MATERIAL S AND ME THODS

| Bacterial strains and chemicals
All chemicals were purchased from Sigma-Aldrich (St. Louis) unless otherwise stated. All enzymes were purchased from New England Biolabs (Ipswich) unless otherwise stated.
For construction of a genomic library and initial protein expression and characterization, the plasmid pUC18ΔlacZ (Schmidt & Stougaard, 2010) was used in E. coli TOP10 (F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara leu) 7,697 galU galK rpsL (StrR) endA1 nupG) (Thermo Fisher Scientific, Waltham, MA, USA). For enzyme expression, the cloning vector pET9a-USER-1 (Schultz-Johansen et al., 2018) was used in the lactose-deficient strain E. coli BL21(DE3)ΔlacZ, which was kindly provided by Professor Jin-Ho Seo from Seoul National University, Seoul, the Republic of Korea.
| Samples, isolation, and growth conditions
Samples were collected from a hot spring in Knighton Fjord in East Greenland (69°21'60.4"N; 24°39'67.1"W) in 2001, where more than 30 discharges were observed with temperatures around 54°C.
Gravel samples from the bottom and the sides of the hot springs were plated directly on R2 agar, which contained per liter: 0.5 g yeast extract, 0.5 g Bacto peptone, 0.5 g casamino acids, 0.05 g MgSO 4 •7H 2 O, 0.1 g NaCl, 0.5 g soluble starch, 0.3 g sodium pyruvate, 0.3 g KH 2 PO 4 , and 20 g agar. The substrate was buffered to pH 7 with 0.01 M NaH 2 PO 4 /Na 2 HPO 4 buffer. Plates were incubated at 50°C for 1-2 days, and bacterial colonies were isolated by re-inoculating on R2 agar. 250 µl acid-washed glass beads (212-300 µm, 425-600 µm, ratio 1:1). Extracts were tested for hydrolytic activity with 1 mM oNPG and 1 mM pNP-fucose at 50°C until visible yellow color was developed (10-35 min). Reactions were stopped with 0.5 M Na 2 CO 3 , and OD 405 was measured in an EL808 Ultra Microplate Reader (BioTek Instruments, Inc.,).
| Screening for enzymatic activities
| Characterization of bacterial growth
Bacterial growth experiments were carried out in triplicates in R2 broth supplemented with 0.2% lactose. Growth and enzyme activity was tested at 20, 28, 37, 50, and 60°C at 200 rpm. Optimal pH for growth was tested at pH 5.0, 5.6, 6.0 (50 mM citrate buffer), 7.0, 8.0 (50 mM Na-phosphate buffer), 9.0, and 10.0 (50 mM glycine-NaOH buffer) at 37°C, 200 rpm. Growth was monitored as OD 600 using an UVmini 1,240 spectrophotometer (Shimadzu). Phenotypes were furthermore investigated on a nutrient-poor substrate containing 0.8% (w/v) agar and 0.2% (w/v) peptone. After 48 hr incubation at 50°C, the agar plates were stained with 0.1% (w/v) Coomassie Brilliant Blue R-250 dissolved in a solution of 20% EtOH (v/v) and 5% (v/v) acetic acid.
| Construction and screening of genomic library
A genomic library was generated in E. coli TOP10 using the pUC18ΔlacZ plasmid. Genomic DNA from P. dendritiformis sp. 3179 was extracted using the Puregene Yeast/Bact. Kit B (Qiagen, Hilden) according to the manufacturer's protocol. The genomic DNA was partially digested with Sau3AI for 25 min at 37°C. The digest was applied to a 1% SeaPlaque® GTG agarose gel (Lonza, Visp), and fragments corresponding to 3-6 kb were cut out and purified using 1X GELase™ Reaction Buffer and GELase™ Enzyme (Epicentre) followed by precipitation with 70% EtOH.
The pUC18ΔlacZ vector was linearized by digestion with BamHI for 1 hr at 37°C, applied to a 1% SeaPlaque® GTG agarose gel, and purified using the GeneJET™ Gel Extraction Kit (Fermentas, Waltham, MA, USA) according to the manufacturer's protocol.
The vector DNA was phosphorylated using the Shrimp Alkaline Phosphatase (New England Biolabs) for 45 min at 37°C followed by inactivation for 10 min at 65°C. Ligation of the partially digested genomic DNA and the digested vector was carried out using the T4 DNA Ligase at 16°C overnight. The ligation reaction was transformed into chemically competent E. coli TOP10. The transformation reaction was subsequently plated onto LB agar supplemented with 100 µg/ml ampicillin and either 20 µg/ml X-gal + 0.3 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) or 20 µg/ml X-fuc. Plates were incubated for 37°C overnight, and blue colonies, indicating hydrolytic activity on the X-linked substrates, were selected for further investigation.
| Identification and cloning of enzymecoding genes
Plasmids from blue colonies were purified using the QIAprep® Spin Miniprep Kit (Qiagen), and inserts were sequenced at GATC Biotech (Constance). Sequences were analyzed for open reading frames (ORFs) using CLC Main Workbench v7.9.1 (Qiagen), translated into amino acid sequences, and blasted using the NCBI BLASTp Tool (https ://blast.ncbi.nlm.nih.gov/Blast.cgi). ORFs with the highest similarity to β-galactosidases and α-fucosidases were selected for further analysis. Two sequences of 1,749 bp and 1,281 bp corresponding to a β-d-galactosidase and α-l-fucosidase, respectively, were identified as best candidates and amplified with specific primers (PdenGal_USER_F: 5'-GGCTTAAUATGACAACGCTTTCTTATAAC-3', PdenGal_USER_R:
5'-GGTTTAAUTTTCGATAAAGAAGGGGC-3', PdenFuc_USER_F: 5'-GGCTTAAUATGCGTCGGTCACG-3', PdenFuc_USER_R: 5'-GGTTTAAUTTCGCCATCCTCCA-3'; uracilspecific excision reagent (USER) overhangs are underlined). Reverse primers were designed without stop codons to utilize the 6xHis tag included in the cloning vector for protein purification.
The β-d-galactosidase gene was amplified using the following PCR protocol: 1 × 98°C for 30 s; 30 × (98°C for 10 s, 55°C for 20 s;
and 72°C for 1 min); and 72°C for 10 min, while the gene encoding the α-l-fucosidase was amplified using the PCR protocol: 1x 98°C for 30 s; 30x (98°C for 10 s, 56°C for 20 s; and 72°C for 1 min 30 s); and
72°C for 10 min.
The cloning vector, pET9a-USER-1 vector, was prepared by digestion with PacI and nt.BbvCI at 37°C overnight followed by purification from a 1% SeaPlaque® GTG agarose gel using the GeneJET™ Gel Extraction Kit. The amplified ORFs were inserted into pE-T9a-USER-1 by including specific USER overhangs during the PCR (Table I) and ligating the PRC product into the vector by means of USER enzyme (New England Biolabs). The reaction was carried out at 37°C for 20 min followed by 25°C for 20 min and subsequently used for transformation into chemically competent E. coli BL21(DE3)
ΔlacZ. Colonies were grown on LB agar supplemented with 50 µg/ml kanamycin (Km) at 37°C overnight. The plasmids from one randomly selected colony from each transformation were purified and verified by sequencing (as above).
| Phylogenetic analyses
The 16S rRNA gene was analyzed against BLASTn (https ://blast. ncbi.nlm.nih.goc/Blast.cgi), and the closest relatives were aligned using Clustal W (Thompson, Higgins, & Gibson, 1994) . A phylogenetic tree was made in MEGA7 (Kumar, Stecher, & Tamura, 2016) using the maximum likelihood method based on the Tamura-Nei model (Tamura & Nei, 1993) .
The two ORFs identified as a putative β-d-galactosidase and α-l-fucosidase, respectively, were analyzed using BLASTp against PDB to identify the phylogenetically closest relatives. When this only gave very few results, the search was expanded to the nonredundant (nr) protein database in combinations with the CAZy database. Sequences were aligned using Clustal W, and a phylogenetic tree was made using the maximum likelihood method based on the JTT matrix-based model (Jones, Taylor, & Thornton, 1992 ).
| Protein expression and purification
For initial transglycosylation experiments, the construct encoding the β-d-galactosidase gene was expressed and purified as described by Schmidt and Stougaard (2010) with minor modifications. In short, the gene containing the native SD sequence was amplified using specific primers β-galFpUC (5'-TCTCGGTACCAGAAGGAGAGAAGCCAATG-3') and β-galRpUC (5'-CTCTAAGCTTATTTCGATAAAGAGGGGC-3'), and cloned into the KpnI and HindIII site of pUC18∆LacZ. Overnight expression at 37°C in E. coli TOP10 cells was followed by protein extraction by bead beating (as described below), heating to 60°C for 15 min, and subsequent purification by anion exchange chromatography at pH 6.2 and eluted with a NaCl gradient, resulting in apparent homogeneity on a SDS gel. Protein purification was carried out using the His GraviTrap Kit (GE Healthcare) following the manufacturer's protocol for purifications under native conditions. Elution was carried out using 500 mM imidazole. Expression was checked by SDS-PAGE on RunBlue SDS 4%-12% Protein Gels (Expedeon). To determine pH and temperature optimum, the purified β-d-galactosidase was characterized using 0.5 mM oNPG as a substrate, while the purified α-l-fucosidase was characterized using 0.5 mM pNP-fucose. pH optimum was determined (with six replicates) at 50°C at pH 5.0, 5.6, and 6.0 (50 mM citrate buffer); pH 6.8, 7.4, and 8.0 (50 mM Na-phosphate buffer); and pH 9.0, 10.0, and 10.7 (50 mM glycine-NaOH buffer 
| Characterization of recombinant proteins
| Transglycosylation
| RE SULTS
| Isolation and characterization of glycoside hydrolase-producing isolate 3179
Water and sediment samples from hot springs in Knighton Fjord, East
Greenland, were screened for isolates producing β-d-galactosidase
and α-l-fucosidase enzymes on growth media supplemented with chromogenic substrates. One isolate, #3179, that showed good β-dgalactosidase and α-l-fucosidase activity was selected for further analysis. alvei DSM29 T (Figure 1a ). Culturing isolate 3179 on thin agar plates with peptone and subsequent staining with Coomassie Brilliant Blue showed a unique complex growth pattern (Figure 1b) , which was similar to that reported for P. dendritiformis (Tcherpakov, Ben-Jacob, & Gutnick, 1999) . Thus, we assume that isolate 3179 was affiliated to the genus Paenibacillus, and in the following, the strain is denoted Paenibacillus sp. 3179.
When Paenibacillus sp. 3179 was cultivated in lysogenic broth (LB) medium, growth optimum was determined to be at 50°C. No growth was observed at 28°C nor at 60°C. Optimal growth was observed at pH 8, and no growth was observed below pH 5.6; good growth was still maintained at pH 9-10. Figure A1 ).
| Paenibacillus
| Identification of enzyme-encoding genes
The expression library was subsequently screened for α-l-fucosidase activity on agar plates containing the chromogenic substrate X-fuc. DNA sequence analysis of an inserted DNA fragment from a blue colony showed a 1,281 bp ORF. BLASTp analysis showed that the amino acid sequence encoded by the ORF displayed 97.4% amino acid sequence identity to a characterized α-l-fucosidases from P. thiaminolyticus (aLfuk1, FN869117) (Benešová, Lipovová, Dvořáková, & Králová, 2013) and 97.2% sequence identity to a putative uncharacterized α-l-fucosidase from P. dendritiformis (WP_006676648.1) ( Figure 3b ). The conserved domain search revealed a conserved glycoside hydrolase superfamily D (GH-D) domain (pfam01120), which comprises the families GH27, GH31, and GH36 containing enzymes with structurally and mechanistically similar activities, but none of them are known to show α-l-fucosidase activity. However, a BLAST analysis at UniProt showed that the most closely related αl-fucosidases all belong to GH29. Thus, we conclude that the α-l-fucosidase from Paenibacillus sp. 3179 belongs to GH29. An HMM search and modeling over the structure with highest similarity (2.2e-86), which was an α-l-fucosidase from P. thiaminolyticus (6GN6) (Koval'ová, 2019) , showed that the Paenibacillus sp. 3179 sequence including the catalytic residues (nucleophile Asp186 and acid/base Glu239, according to the P. thiaminolyticus numbering) could be superimposed onto the corresponding 6GN6 structure ( Figure A1 ). The DNA sequences encoding the α-l-fucosidase and the β-d-galactosidase from Paenibacillus sp. 3179 have been uploaded to GenBank with the accession numbers MK625194 and MK625195, respectively.
| Characterization of recombinant enzymes
The Paenibacillus sp. 3179 β-d-galactosidase and α-l-fucosidase were recombinantly produced in E. coli as 6xHis-tagged enzymes.
SDS-PAGE showed that purified β-d-galactosidase and α-Lfucosidase migrated as 70 kDa and 50 kDa protein, respectively (calculated theoretical molecular weights 65.7 kDa and 49.5 kDa) ( Figure A2 ).
Using oNPG as a substrate, the purified β-d-galactosidase showed optimal activity at 50°C and at pH 8.0 (Figure 4a ). Stability was investigated at 37, 50, and 70°C, and the β-d-galactosidase was stable for up to 5 hr at 37°C or 50°C, while it was completely inactivated after 30 min at 70°C (data not shown). K m for the β-d-galactosidase with oNPG as substrate was estimated to be 0.57 ± 0.12 mM and V max = 0.11 ± 0.01 mmoles/min/mg enzyme (Table 1, Figure A3 ).
The β-d-galactosidase was also tested with p-nitrophenyl-β-d-galactopyranoside (pNPG) as substrate, but no activity was detected (data not shown).
Activity of the purified α-l-fucosidase was similarly determined with pNP-fucose as substrate. Optimal activity was observed at 50°C and at pH 7.4 (Figure 4b ). Stability was investigated at 37°C, 50°C, and 70°C, and the α-l-fucosidase was stable for up to 5 hr at 37°C and 50°C, while it was completely inactivated after 30 min at 70°C (data not shown). K m with pNP-fucose as substrate was estimated to be 1.11 ± 0.75 mM and V max = 3.88 ± 1.58 mmoles/min/mg enzyme (Table 1, Figure A3 ).
| Transglycosylation of recombinant enzymes
Both of the investigated enzymes exhibited transglycosylation activity. Transglycosylation by the β-d-galactosidase was analyzed with lactose as galactosyl donor and lactose, sucrose, or fructose as accepting carbohydrates. When lactose was used as donor and acceptor, hydrolysis products (galactose and glucose) appeared in the TLC analysis together with unhydrolyzed lactose and galactooligosaccharides (GOS) (Figure 5a ). Two of these GOS were identified as 6'-O-galactosyllactose and 3'-O-galactosyllactose by HPLC analysis (Figure 6a ), and the enzyme was able to transform lactose into 6'-galactosyllactose, 0.14 mol/mol, and 3'-galactosyllactose, 0.027 mol/mol (Figure 6b ). Hydrolysis and transgalactosylation were seen in the range from pH 5 to 8 (data not shown). When sucrose or fructose was used as acceptors, reddish spots appeared in the TLC analysis (white arrows in Figure 5b ). In these transgalactosylation experiments, both dark blue/purple spots corresponding to GOS, lactose, galactose, and glucose and reddish spots were observed, indicating that transgalactosylation occurred with sucrose and fructose as galactosyl acceptors (Figure 5b, red and yellow arrows, respectively). Similarly, transglycosylation with the α-lfucosidase was analyzed using pNP-fucose as fucosyl donor and lactose as fucosyl acceptor. With TLC, an oligosaccharide corresponding in size to 2FL was detected (Figure 5c, black arrow) . This finding was confirmed by HPLC, which showed that the formed oligosaccharide eluted as 2FL (Figure 6c ). Further products were formed at about the same rate as 2FL, but these were not characterized further (Figure 6d ).
| D ISCUSS I ON
A β-d-galactosidase and α-l-fucosidase producing strain, #3179, was isolated from a thermal spring in Greenland. 16S rRNA gene analysis showed that strain 3179 was affiliated to the genus Paenibacillus with P. dendritiformis and P. thiaminolyticus as closest relatives. Strain 3179 displayed dendritic growth similar to P. dendritiformis why we conclude that strain 3179 most likely could be classified as P. dendritiformis.
However, as no other phylogenetical or chemotaxonomical analyses were carried out, we denote the strain Paenibacillus sp. 3179.
The two genes encoding a β-d-galactosidase and an α-l-fucosidase, respectively, were isolated and analyzed phylogenetically and functionally. Sequence analysis of the β-d-galactosidase showed close relationship to β-galactosidases from P. dendritiformis (92.5% sequence identity) and from P. thiaminolyticus (91.6% identity) (Benešová et al., 2010) . Further distantly related enzymes showed below 80% identity for hypothetical enzymes and below 55% identity for classified β-galactosidase like Bacillus circulans BgaC (BAA21669) (Ito & Sasaki, 1997) . All related β-d-galactosidase sequences were classified as GH35 according to the glycoside hydrolase classification system (Henrissat, 1991) , and thus, the β-d-galactosidase from Paenibacillus sp. 3179 was hypothesized to belong to GH35, which primarily consists of β-galactosidases (EC 3.2.1.23), but also contain exo-β-glucosaminidases (EC 3.2.1.165), exo-β-1,4-galactanases (EC 3.2.1.-), and β-1,3-galactosidases (EC 3.2.1.-). GH35 enzymes can be found in more than 2,700 different organisms spanning archaea, bacteria, and eukaryotes, including plants and animals. GH35 β-galactosidases have an (α/β) 8 barrel as catalytic domain (www.cazyp edia.org), and the mechanism is catalysis of the hydrolysis of terminal nonreducing β-galactosyl residues in, for example, lactose, oligosaccharides, glycolipids, and glycoproteins. In silico analysis showed that the overall structure, including the catalytic residues, could be modeled over a known structure of a β-d-galactosidase from B. circulans ( Figure A1) , making it possible that the β-d-galactosidase from Paenibacillus sp. 3179 has the same functional activity as that from
B. circulans.
The α-l-fucosidase sequence was analyzed in a similar manner.
The closest related sequence was an α-l-fucosidase from P. thiaminolyticus (FN869117; 6GN6) (Benešová et al., 2013; Koval'ová et al., 2019) . The phylogenetically closest related α-l-fucosidases were all shown to belong to GH29, which consists of exo-acting α-fucosidases (EC 3.2.1.51) and α-1 → 3/1 → 4-l-fucosidases (EC 3.2.1.111).
Enzymes in GH29 also consist of an (α/β) 8 -like barrel domain plus F I G U R E 3 Phylogenetic analysis of (a) Paenibacillus sp. 3179 β-d-galactosidase and (b) Paenibacillus sp. 3179 α-lfucosidase. Sequences that showed similarities to the Paenibacillus sp. 3179 enzymes were identified by BLASTp analysis against Protein Data Bank (PDB) and supplemented with closely related enzymes from the nonredundant (nr) protein sequence database. The latter were only selected if also identified among GH35 and GH29 family enzymes, respectively, in the CAZy database (www. cazy.org). Phylogenetic relationships were inferred the by maximum likelihood method based on the JTT matrix-based model. The trees with the highest log likelihood are shown. Bootstrap values (n = 100) above 50 are shown. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA7 Figure A1 ).
Sequence analyses revealed that there are a lot of potentially unclassified β-galactosidases and α-fucosidases from strains within the Paenibacillus genus ranging in temperature profile from the psychrotolerant P. antarcticus which shows optimal growth at 10-15°C (Montes, Mercadé, Bozal, & Guinea, 2004) to the described thermotolerant Paenibacillus sp. 3179 with optimal growth at 50°C.
However, since most of the proteins are only annotated as potential enzymes with no documented functions, the genus Paenibacillus appears to have a lot of potential for discovery of cold-active as well as thermostable enzymes for a range of industrial applications.
Functional characterization of recombinant purified enzymes from Paenibacillus sp. 3179 produced by E. coli showed that both enzymes possessed hydrolytic as well as transglycosylating activities.
Chromatography analyses showed that the β-d-galactosidase was able to form 6'-O-galactosyllactose and 3'-O-galactosyllactose using lactose as substrate, and the α-l-fucosidase was able to transfer the fucose moiety from pNP-fuc to lactose, thereby forming 2FL and also indication of 3FL was observed. The chromatogram in Figure 6c identified the transglycosylation product 2FL and a peak (no 3), which relative to elution of 2FL and lactose corresponded to the retention of 3FL (Tan, Chai, & Zhang, 2015) . This compound was observed in increasing concentration with reaction progress, indicating that 3FL was a product of the transglycosylation reaction. Enzyme catalyzing production of 2FL and 3FL is known, and analyses of these oligosaccharides are well established Zeuner, Teze, Muschiol, & Meyer, 2019) , but 6FL as an enzymatic transglycosylation product is not described and the present investigation cannot establish its presence. The compound corresponding to peak 6 was not identified, but increased concentration with reaction time indicated it was a product of the reaction.
In studies carried out on the β-d-galactosidase and two α-l-fucosidases from P. thiaminolyticus (Benešová et al., 2010 (Benešová et al., , 2013 (Benešová et al., , 2015 , it is described that all three enzymes were able to transfucosylate a wide range of p-nitrophenyl substrates and alcohols; however, little attention has been focused on transgalactosylation. In this study, we showed that the β-d-galactosidase from Paenibacillus sp. 3179 is able to transgalactosylate a range of natural substrates such as lactose, sucrose, and fructose, which can be of use for industrial purposes when, for example, upgrading disaccharides to oligosaccharides in food items.
We furthermore showed that the α-l-fucosidase from Paenibacillus sp.
3179 is able to transfucosylate using lactose as acceptor, making it a good candidate for production of fucosylated oligosaccharides like 2FL for infant formula (Aldredge et al., 2013; Chen, 2015) due to its transfucosylating activity at elevated temperatures.
As the interest for thermostable transglycosylating enzymes has gained interest, similar enzymatic reactions have been reported. For example, Petrova and Kujumdzieva (2010) isolated several strains of thermotolerant yeasts from a range of milk products with transgalactosylation activities, and Fai, Silva, Andrade, Bution, and Pastore (2014) showed transgalactosylation activity by Pseudozyma tsukubaensis and 
| CON CLUS IONS
In the current study, it was shown that the bacterium Paenibacillus sp.
3179 isolated from a thermal spring in East Greenland produced two thermostable enzymes, a β-d-galactosidase and an α-l-fucosidase, with hydrolytic as well as transglycosylating activities. It was confirmed that the β-d-galactosidase was able to produce 6'-O-galactosyllactose and 3'-O-galactosyllactose at its optimal temperature at 50°C and that the α-l-fucosidase was able to produce 2FL along with some uncharacterized oligosaccharides, speculated to include 3FL. Future studies will be aimed at characterizing the remaining oligosaccharides and to expand the range of investigated substrates for transglycosylation.
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